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In controlled X-ray irradiation experiments, the formation of trap states in the prototyp-
ical van der Waals bonded semiconductor Rubrene is studied quantitatively for doses up to
82 Gray (Gy = J kg−1). About 100 electronic trap states, located around 0.3 eV above the va-
lence band, are created by each absorbed 8 keV photon which is 2–3 orders of magnitude more
than 1 MeV protons produce. Thermal annealing is shown to reduce these traps. Local structural
disorder, which has also been induced by other means in different studies, is thus identified as a
common origin of trap states in van der Waals bonded molecular organic semiconductors.
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The understanding of charge traps in van der Waals
bonded semiconductors has reached new levels in recent
years and organic electronic devices’ performance has
much improved with promising perspectives for applica-
tions. With the emerging understanding and spectral
analysis of the trap density of states (DOS) [1, 2] it is
highly desirable to quantify the interaction of environ-
mental influences with van der Waals bonded semicon-
ductors in terms of density and spectral distribution of
the induced trap states. Such environmental influences
may occur during fabrication, storage or operation of an
organic electronic device. They cover a broad range of
chemical [3], mechanical [4] and also radiative [5–7] phe-
nomena.
The commonly known adverse influence of traps on
charge transport [2] as well as spin diffusion length [8] is
contrasted by an unexpected positive influence of X-ray
radiation in electron-beam evaporation processes on the
magnetotransport in organic materials [8]. These obser-
vations are a strong motivation to further investigate the
defects arising from X-ray radiation.
Furthermore, after intense scintillation studies in the
1970s [9–12], organic materials are considered anew for
direct X-ray detection through the photoconductivity ef-
fect [6, 13]. For applications in low-cost, large-area inte-
grated X-ray imaging panels it will be of central impor-
tance to assess the radiation damage and whether those
defects can be healed by thermal annealing.
In this study we address the formation of electronic
trap states upon X-ray irradiation in Rubrene sin-
gle crystals, a grain boundary free model material for
van der Waals bonded semiconductors. The spectral den-
sity of trap states (DOS) is determined by measuring
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current voltage characteristics at different temperatures
and applying temperature-dependent space-charge lim-
ited current spectroscopy (TD-SCLC). The basic concept
of SCLC is electrical transport by charge carriers ther-
mally excited above a certain energy separating extended
from localised states. No further a priori assumptions —
in particular no specific transport model — are required.
Due to the Fermi-Dirac statistics this excitation from lo-
calised traps to delocalised conducting states takes place
in a small energy window. With increasing voltage, more
space charge is injected, hence the Fermi energy EF is
shifted towards the delocalised states. The trap DOS is
calculated from this differential increment. The energy
scale is given by the thermal activation energy at a given
voltage corrected by the statistical shift, which accounts
for the asymmetry of the DOS around EF . The full
procedure is formally discussed in references 14–19 and
numerically implemented using cubic smoothing splines
[20].
Rubrene crystals were grown by physical vapour trans-
port in high purity argon flow. The platelet-like crystals
were then laminated onto prefabricated gold electrodes,
similar to the ‘flip-crystal’ technique [21]. For the vac-
uum deposition of the top electrode, the samples were
cooled in order to minimise the thermal load on the crys-
tals. The sample layout is schematically shown in Fig. 1.
Current flows along the 26.86 A˚ long crystallographic a
axis [22–24]. The simultaneous measurement of up to
four sites on the same crystal — called channels — pro-
vides verifiable results and the shielding of some of these
channels during irradiation provides the necessary refer-
ence. Furthermore, this sample arrangement (c.f. Fig. 1)
enables checking of reproducibility and device stability.
The SCLC measurements were performed in darkness
in a cryostat’s helium atmosphere. Charge carrier injec-
tion from the laminated bottom electrodes turned out to
be more efficient than from the deposited top electrode
and thus the polarity for all measurements was chosen
accordingly. Current and power limits prevent crystal
damage [25, 26] or local heating.
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2For the quantitative study of the radiation damage, a
crystal diffractometer served as a well-defined monochro-
matic CuKα (8 keV) radiation source. The lateral inten-
sity distribution (beam profile) was measured with the
diffractometer’s image-plate detector and suitable Zirco-
nium attenuators. For the measurement of the inten-
sity in absolute units, a suitably calibrated instrument
was kindly provided by the University Hospital Zurich.
The beam’s peak intensity was 3 µW cm−2 correspond-
ing to a photon flux of 2× 109 s−1 cm−2. Approximat-
ing Rubrene as a 42:28 mixture of carbon and hydrogen
the crystal at the center of the beam absorbed a dose
of (43± 9) Gy (= J kg−1) [27] during one hour of ex-
posure. The 30 nm thick gold top contact absorbs only
about 1 % of the incident intensity. For comparison,
a single computed tomography (CT) scan accounts for
up to 10 mGy [28], typical radiotherapy doses are some
10 Gy [29] and the accumulated lifetime dose of X-ray
imaging sensors is a few 100 Gy [13].
After first measuring the trap DOS of the pristine crys-
tals, the samples were transfered to an Argon filled glass
tube with a Kapton window and aligned in the X-ray
beam with fluorescent marks. During irradiation, two
out of four channels were shielded by a 0.1 mm lead foil
thus providing reference data on the same crystal. After
each hour of irradiation, the samples were measured and
the trap DOS calculated. These repeated measurements
required the crystals to be stable over multiple thermal
cycles between 300 K and 100 K.
The densities of states measured on two crystals before
and after irradiation are shown in Fig. 2. The unirradi-
ated channels do not show any significant change in the
trap DOS compared to the pristine state — an exam-
ple is shown for crystal B. Thus, X-ray induced defects
gold contacts
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FIG. 1: (Colour online) Schematic of the experiment. The
Rubrene crystal is laminated onto prefabricated bottom elec-
trodes, then the top electrode is evaporated. The lead shield
screens part of the crystal from X-rays, thus allowing direct
comparison of irradiated to unirradiated crystal sites.
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FIG. 2: (Colour online) Trap density of states and its change
upon X-ray irradiation in two different Rubrene single crys-
tals. The mobility edge is chosen as the energy reference
point. The distinct increase peaked at 0.3 eV is attributed to
X-ray induced defects since the shielded part (example shown
in dashed grey in upper panel) does not change significantly.
Annealing of the sample (dotted line) suggests that structural
defects contribute to the total trap state density.
are clearly identified. Furthermore, the unchanged DOS
in unirradiated channels reflects the stability and repro-
ducibility of sample handling and measurement.
In the exposed channels, the trap DOS increases by
up to 8× 1016 cm−3 eV−1 (Fig. 2, crystal B) in a nar-
row energy range peaked around 0.3 eV. The area under
this peak yields the total trap density of ∼ 3× 1015 cm−3
traps generated during one hour of X-ray irradiation. Af-
ter the second hour of irradiation, the induced trap den-
sity has doubled within experimental uncertainty. The
X-ray absorption length λ ≈ 2 mm is much longer than
the typical crystal thickness of ∼ 1 µm (only 0.05 % of
the photons are absorbed), and with an hourly dose of
43 Gy, approximately 4× 1013 photons are abosrbed per
cm3 creating a uniform defect density.
To quantitatively compare X-ray and ion irradiation
in Fig. 3 it is appropriate to consider the microscopic
interaction mechanism as sketched in the insets. An ab-
sorbed X-ray photon will deposit its full energy of 8 keV
3in a single primary event causing a cascade of secondary
events which in turn create numerous microscopic de-
fects. In contrast, every proton of 1 MeV experiences ap-
proximately 14 primary interactions on its way through
a 1µm thick crystal, each time transfering ≈ 2.3 keV to
the crystal’s electronic system [7, 30]. Simulations using
the same SRIM [31] parameters as in ref. 7 show that
atom displacement is negligible.
The electronic excitations allow for hydrogen atoms to
be detached from Rubrene molecules [32]. They will then
diffuse through the crystal and cause structural disorder
as interstitials in the Rubrene lattice. Since the crystal
surfaces in this study were not covered during irradiation,
it was possible for detached hydrogen to escape from the
crystal. It is thus appropriate to consider the open sur-
face data from reference 7 (open symbols in Fig. 3) for a
comparison.
The density of radiation-induced traps is plotted as
a function of primary events in Fig. 3. Note that the
primary event counts of the X-ray datapoints are an
upper limit based on the assumption that the samples
were centred at peak intensity. Solid blue (proton radia-
tion) symbols are data from covered surfaces saturating
at high dose due to re-attachement of hydrogen knocked
off in a previous event. For each primary interaction
event, protons create ∼ 0.5 traps, while X-rays produce
∼ 100 traps. A central result of this study is: per pri-
mary interaction event, X-rays are found to be 100 to
1000 times more effective than ions in trap generation.
This is attributed to the shower of secondary events fol-
lowing every photon absorption. These showers spatially
distribute the energy in the crystal as opposed to the
point-like event of an ion interaction. These secondary
events apparently carry enough energy to create defects
and their number would account for the 100- to 1000-fold
defect creation rate.
The spectral distribution of the additional traps sug-
gests their common microscopic origin: they are peaked
≈ 0.3 eV above the (hole) mobility edge and the peak is
≈ 0.1 eV wide. The summary in Fig. 4 shows data for
Rubrene crystals irradiated with protons or Helium ions
[7], together with X-ray data from this study. Most re-
markably, a very similar position and distribution width
has been found in Pentacene thin films exposed to oxy-
gen [33] and in UV/ozone exposed Rubrene single crys-
tals [3]. Furthermore, recent low background UPS studies
[34] also report the formation of energetically very similar
traps when oxygen but also chemically neutral nitrogen
or argon penetrate Pentacene films and the same defects
have been found in both photocurrent measurements in
organic solar cells[35] and density functional calculations
of specific hydrogen- and oxygen-related defects[36, 37].
To further elucidate the origin of radiation induced
trap states, Crystal A in Fig. 2 has been annealed for
12 h at 350 K in helium atmosphere. Most significantly,
a reduction of radiation defects by approximately 40 %
is observed. This is a central result and is in line with
previous observations in anthracene crystals [11, 38, 39].
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FIG. 3: (Colour online) Trap density in Rubrene crystals ir-
radiated by X-rays (red) or protons (blue, [7]). For each pri-
mary interaction event, protons create∼ 0.2 traps to 0.5 traps,
while X-rays produce ∼ 102 traps. The 100 to 1000 times
higher trap creation efficiency of X-rays is attributed to sec-
ondary events. Trap creation by ions in covered crystals satu-
rates due to re-attachement of hydrogen. The insets schemat-
ically show the energy deposition processes. An X-ray photon
will either pass the crystal undisturbed or deposit its full en-
ergy in a single event creating numerous secondary events.
On the other hand, every ion will experience several interac-
tions with (mainly) target electrons every time depositing a
fraction of its initial energy.
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FIG. 4: (Colour online) Spectral distribution of disorder in-
duced states in Rubrene single crystals after Helium ion ir-
radiation (blue, [7]), proton irradiation (magenta, [7]) and
X-ray exposure (green and red, this study). The inset shows
an exagerated sketch of local disorder as the possible origin
of these traps.
4A motivation to consider structural defects as a possi-
ble cause is the partial recovery after thermal annealing
at moderate temperatures. Annealing of structural de-
fects even at room temperature has been shown to take
place in Pentacene thin films always kept in high vacuum
[40]. Similarly, intercalation with inert gases (N2 and
Ar) induces trap states at a similar energy [34]. Also
in organic polymer solar cells, radiation induced dam-
age recovering by annealing has been observed and inter-
preted in terms of hydrogen detachment and rearrange-
ment [35, 37, 41]. Particularly interesting is the bend-
ing of a pentacene molecule when two hydrogen atoms
are attached to the initially flat entity, creating localised
electronic states [36]. Similar detailed calculations for
Rubrene [42] with attached oxygen of hydrogen in various
configurations give no evidence for new electronic states
within the few tenths of eV above the HOMO band acces-
sible in the experiment. However, they reveal a slight ro-
tation of a phenyl side-group. While the authors are not
aware of a corresponding calculation involving a missing
hydrogen in Rubrene, the previous experimental obser-
vations [7] clearly suggest hydrogen detachment to be a
key step in trap state formation.
The discussion about the microscopic nature of inten-
tionally induced defect states in organic semiconductor
crystals is now stimulated by (a) the formation of elec-
tronically active states ≈ 0.3 eV above the HOMO band
and (b) the ability to partially anneal them at very mod-
erate temperatures. Future studies therefore might ad-
dress the relative impact of new chemical species per-
turbing the pi electron system (e.g. H detachment, O or
OH attachement), and on modifications of the molecule’s
structure and its environment in the crystal. Combining
local probes and macroscopic transport measurements
will produce such new insights.
In conclusion, we have quantitatively studied the for-
mation of bulk trap states in van der Waals bonded sin-
gle crystals by X-ray irradiation. For each absorbed
8 keV photon, approximately 100 trap states are cre-
ated, while proton irradiation [7] generates up to 1 trap
state per primary interaction. The spectral trap distri-
bution is peaked near 0.3 eV above the HOMO transport
level and is ≈ 0.15 eV wide. Very similar trap distribu-
tions which can be partially annealed are produced by
hydrogen- and oxygen-related chemical defects but also
when van der Waals bonded semiconductors are locally
disturbed by proton or Helium ion radiation [7] or by
penetration of oxygen or chemically neutral nitrogen or
argon [2, 3, 33, 34]. This formation of energetically very
similar trap states by a wide range of treatments and the
observation of partial annealing of these states set the
framework for future studies focussing in the respective
contributions of chemical and structural defects.
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